The aim of this study was to investigate whether conventional echocardiographic assessment of right ventricular (RV) systolic function can be improved by the addition of RV strain imaging. Additionally, we also aimed to investigate whether dedicated reading sessions and education can improve echocardiographic interpretation of RV systolic function.
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| BACKG ROU N D
Echocardiographic assessment of right ventricular (RV) systolic function is difficult, due to the complex geometric shape of the right ventricle.
1 Conventionally, echocardiographic assessment of RV systolic function relies on combining visual assessment of RV contraction with several measures, including tricuspid annular plane systolic excursion (TAPSE) and tricuspid annular systolic velocity (S'). 2 There is a high level of inter-observer variability in the visual assessment of RV systolic function by echocardiography. 2, 3 Cardiac magnetic resonance (CMR) imaging is considered the reference standard for assessment of RV systolic function. 4, 5 Recently, RV global longitudinal (GLS) and free wall (FWS) strains were introduced as new measures of RV long-axis function. The American Society of Echocardiography guidelines for the echocardiographic assessment of the right heart in adults published in 2010 did not incorporate strain parameters for routine clinical use, due to limited data available at the time of publication of the guidelines. 2 We aimed to investigate whether conventional echocardiographic assessment of RV systolic function can be improved by the addition of RV strain imaging. Additionally, we also investigated whether dedicated reading sessions and education can improve echocardiographic interpretation of RV systolic function.
| ME THODS
In this study, echocardiography readers of varying expertise as- Following the first reading session, a dedicated education session occurred, with case-by-case analysis using CMR cine sequences as the reference standard, focusing on cases with the highest variability in echocardiographic interpretation. RV ejection fraction (RVEF) by CMR was obtained by subtracting RV end-systolic volumes from RV end-diastolic volumes on standard steady-state free precession short-axis stacks. The following RVEF ranges were used as follows: ≥52%: normal; 40%-51%: mild RV systolic dysfunction; 30%-39%: moderate RV systolic dysfunction; and <30%: severe RV systolic dysfunction. 6 Clinically indicated CMR studies occurred within 3 months of the transthoracic echocardiogram for each case, with no significant interval changes in the clinical condition or medication profiles.
Three weeks later, in session 2, after reviewing normal RV GLS were the original participants of the first two reading sessions.
Anonymized two-dimensional echocardiograms demonstrating standard RV views, TAPSE, RV S' tracings, and RV strain parameters (GLS and FWS) were all provided during the same reading session.
We also performed computer simulations to obtain 230 random 
| Statistical analysis
The RV systolic function variables were summarized as mean ± standard deviation. The variables were compared using the Wilcoxon rank sum test. The correlation between any two methods was determined using a non parametric Spearman's rho regression coefficient. Statistical analyses were performed with SPSS (SPSS, version 23, Chicago, IL, USA). The net reclassification improvement (NRI) and its standard error were calculated to assess whether the addition of strain parameters led to an appropriate change in grading of RV systolic function. 9 Polynomial regression was used to assess for the presence of nonlinearity in regression. A P value <0.05 was considered statistically significant.
| RE SULTS
The mean RVEF by CMR was 46 ± 11% (range: 21%-60%) for the 19 cases used in the first two reading sessions ( Table 1 ). The mean RVEF by CMR was 40 ± 11% (range: 21%-59%) for the 20 additional cases used in the third reading session (Table 2) . Following the first reading session, dedicated training occurred, with case-by-case analysis using CMR cine sequences as the reference standard, focusing on cases with the highest variability in echocardiographic interpretation. In session two, following education on normal RV strain values, the readers re interpreted the same cases, incorporating RV GLS and FWS parameters (G: RV strain analysis). In session three, 18 readers graded RV function of 20 new cases, with the availability of RV strain parameters during the same session (G). RV ejection fraction (RVEF) by CMR was the reference standard for RV systolic function for all cases (H-K: cardiac magnetic resonance imaging of RV using the steady-state free precession cine sequence. H: RV focused apical view; I: RV short-axis view at the basal level; J: RV short-axis view at the mid-ventricular level; K: RV short-axis view at the apical level)
RV end-systolic volume by CMR for all cases was 0.35 (Spearman's rho: 0.35, n = 39, P < 0.05).
The mean age of the cases used in the study was 59 ± 17 years, with 39% of the cases being female (n = 16). A diverse range of clinical pathologies were included, including ischemic and non ischemic cardiomyopathy (n = 15; 37%), repaired Tetralogy of Fallot (n = 11; 27%), suspected cardiac sarcoidosis and arrhythmogenic right ventricular cardiomyopathy (n = 5; 12%), pericarditis (n = 5, 12%), valvular heart disease (mitral regurgitation, tricuspid regurgitation; n = 4; 10%), and ventricular septal defect (n = 1; 2%).
| Right ventricular systolic function assessment by strain imaging versus CMR
To assess whether echocardiographic interpretation of RV systolic function was influenced by the knowledge of strain, we performed two tests. First, as an experiment, during the second reading session, one of the cases was repeated with two different sets of strain parameters. The actual RV parameters for this case were as follows: EDV = end-diastolic volume; ESV = end-systolic volume; FWS = free wall strain; GLS = global longitudinal strain; RV = right ventricle; RVEF = right ventricular ejection fraction; TAPSE = tricuspid annular plane systolic excursion.
TA B L E 2 Right ventricular systolic function parameters of the 20 anonymized cases used for the third reading session

Case RV S' (cm/s) TAPSE (mm) RV GLS (%) RV FWS (%) RVEF (%) RV EDV (mL)
RV
F I G U R E 2 Correlation between RV GLS and RVEF by CMR for the first two reading sessions
F I G U R E 3 Correlation between RV GLS and RVEF by CMR for the third reading session
| Persistent effect of dedicated reading sessions
The third reading session consisting of 20 new cases ( 
| Variability of RV systolic function interpretation versus RVEF
For cases with averaged RV systolic function corresponding to normal RVEF by CMR, the standard deviation in echocardiographic interpretation was minimal, and close to zero. The variability in echocardiographic interpretation reached a maximum, when there was mild-to-moderate RV systolic dysfunction by RVEF. Interestingly, when RV systolic dysfunction was severe by RVEF, the variability in echocardiographic interpretation again dropped to close to zero (P < 0.0001 for a quadratic component of a polynomial regression) ( Figure 5 ).
| D ISCUSS I ON
The right ventricle is a key structure in both health and disease states. In a prospective study of 423 patients with non ischemic cardiomyopathy, CMR-derived RVEF was a strong independent predictor of cardiac mortality during a mean follow-up of 6.2 years.
10
In 387 patients with heart failure with preserved ejection fraction, TAPSE/pulmonary artery systolic pressure (PASP) ratio was shown to be a useful noninvasive index of RV to pulmonary circulation coupling, predicting worse clinical outcomes, with patients with TAPSE/ PASP ratios <0.35 having lower pulmonary artery compliance and higher pulmonary vascular resistances. 11 Further, in a prospective study of 68 patients with chronic heart failure, RV strain during preload augmentation correlated independently with severely reduced exercise capacity (peak VO 2 < 14 mL/kg/min). itself. 2 In patients with RV dysfunction due to severe pulmonary hypertension, conventional echocardiographic parameters, such as TAPSE, do not always correlate well with the degree of RV systolic dysfunction, and this may be explained by abnormal RV longitudinal rotation. 13 Recently, RV GLS and FWS were introduced as novel measures of RV long-axis function. However, prior to our study, the impact of RV strain parameters on interpretation of RV systolic function by echocardiography readers in clinical practice has not been investigated.
There are several novel and clinically important findings from our study. First, our data expand on the existing limited literature on the relationship between RV strain parameters and CMR-derived RVEF.
A prior single-center study recruiting 30 patients with pulmonary arterial hypertension demonstrated a good correlation between RV longitudinal strain and CMR-derived RVEF (R = 0.69, P = 0.0006).
17
We found a moderate correlation between RV GLS and CMR- Knowledge aggregation is fundamental to the "wisdom of the crowd" effect, and application of this effect has been shown to improve the performance of set tasks in groups of undergraduate university students. 19 Our results highlight the potential application of the "wisdom of the crowd" in improving RV systolic function assessment, 20 particularly for large echocardiography laboratories. At our center, each sonographer would assess the RV systolic function after performing the transthoracic echocardiogram.
Frequently, the same study would also be reviewed by an advanced cardiovascular imaging fellow or a cardiology fellow. Finally, the echocardiologist would perform a final read of the echocardiogram, integrating all the data to arrive at the final reported grade of RV systolic function.
| Limitations
This was a single-center study in a high-volume, tertiary center, where there are teams of echocardiologists, advanced cardiovascular imaging fellows, and sonographers. Our findings may be less applicable for smaller echocardiography laboratories, where these additional personnel are not available.
We did not investigate other promising imaging techniques for RV systolic function assessment. Three-dimensional (3D) transthoracic echocardiography has been reported to be useful in improving echocardiographic assessment of RVEF. It was found to have good correlations with CMR-derived RVEF in 60 subjects (r = 0.74-0.90).
21
In another study of 3D speckle-tracking echocardiography, 75 out of 106 patients (70%) had adequate 3D echocardiographic data, with good correlations between 3D speckle-tracking derived RV volumes and RVEF for these 75 patients, compared to CMR (RVEF R 2 : 0.70, P < 0.01). 
| CON CLUS IONS
The RV strain parameters correlated moderately with CMR-derived RVEF and appropriately influenced echocardiographic interpretation of RV systolic function. Teamwork and "wisdom of the crowd,"
achieved by averaging echocardiographic assessment of RV systolic function across teams of readers, improved accuracy RV systolic function assessment.
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